Background: Duplex DNA is generally unwound by protein oligomers prior to replication. Results: The structure of the DNA-binding domain of the ColE2-P9 replication initiation protein bound to Ori DNA was determined. Conclusion: The ColE2 Rep-DBD unwinds duplex DNA by the concerted actions of its three contiguous structural modules. Significance: A novel mechanism for duplex DNA unwinding by a single protein was proposed.
DNA replication is the universal process for the transmission of genetic information. To initiate DNA replication, initiator proteins specifically bind to replication origins and unwind limited local regions of replication origins by themselves or with the aid of cooperative proteins. Subsequently, the replication proteins, such as helicase, primase, and DNA polymerase, are loaded onto the unwound region. A number of eukaryotic and prokaryotic initiators, including Escherichia coli DnaA, the best characterized replication initiator (1) , belong to the superfamily of AAAϩ (ATPase associated with diverse cellular activities) proteins, and ATP binding modulates their DNA binding affinity and the formation of higher order structures consisting of multiple proteins (2) . The creation of a complex of the ATPbound DnaA protein oligomer and duplex oriC DNA is critical for local unwinding of an AT-rich DNA unwinding element (DUE) 2 in oriC and for binding of DnaA protomers to singlestranded DUE (3) . Comparative structural studies of the initiator proteins in complex with their cognate origins have suggested certain common mechanistic properties of the engagement with DNA and unwinding of its double-helix structure among the AAAϩ initiator proteins (reviewed by Duderstadt and Berger (4) ).
The replication initiation of most plasmids requires a specific initiator protein, Rep, encoded by each plasmid. Multiple Rep protomers specifically bind to the cognate origin and then recruit host replication proteins. Unwinding of the origin often relies on host DnaA, and DNA replication initiates more or less similarly to host chromosomal DNA replication (reviewed by del Solar et al. (5) ). Several crystal structures of Rep proteins from plasmids harbored in Gram-negative bacteria (F, R6K, and pPS10) and Gram-positive bacteria (pSK41 and pTZ2162) were reported, and these studies revealed the structural bases for their specific binding to DNA and the role of multimer formation in their functions (6 -10) . The RepE protein of plasmid pAM␤1 from Gram-positive bacteria is exceptional; it specifically binds to the cognate origin and melts DNA duplex as a monomer, although the mechanism is unknown. It has been proposed that additional RepE molecules bind to the melted region to stabilize the unwound DNA (11) .
The replication initiator Rep of the E. coli plasmid ColE2-P9 (297 amino acids, 34 kDa) is another exception. This Rep specifically binds to the replication origin of the plasmid (Ori; 31 bp) (12) (13) (14) (15) , and the Ori-bound Rep locally unwinds duplex DNA in the Ori and uniquely exhibits origin-specific primase activity, synthesizing the primer RNA, ppApGpA (16, 17) . The primer is used by the host DNA polymerase I to initiate DNA synthesis (16, 18, 19) . The ColE2-P9 Ori is the smallest origin * This study was supported in part by Japan Society for the Promotion of Science KAKENHI Grant 25840027 (to H. I.). The atomic coordinates and structure factors (code 3VW4) have been deposited in the Protein Data Bank (http://wwpdb.org/). 1 To whom correspondence should be addressed: Structural Biology Center, National Institute of Genetics, Yata 1111, Mishima, Shizuoka 411-8540, Japan. Tel.: 81-55-981-6862; Fax: 81-55-981-6862; E-mail: hitou@nig.ac.jp.
among those identified and analyzed to date (15, 20) . This Ori can be divided into three functional regions; subregions I and II are important for Rep binding, whereas subregions II and III are important for initiation of DNA replication, and subregion III contains the template sequence for primer RNA synthesis (15) ( Fig. 1A ). Rep has been thought to consist of two functional domains: an N-terminal primase domain and a C-terminal DNA-binding domain (E2Rep-DBD, residues 175-297) (Fig.  1B) . The C-terminal region of E2Rep-DBD determines its binding specificity to Ori (17, 21, 22) . The N-terminal region of E2Rep-DBD contains a functionally unknown region called the PriCT (primase C-terminal) domain that is commonly found near the C termini of some primases belonging to the superfamily of archaeo-eukaryotic primases (23) . The PriCT domain of E2Rep-DBD has been shown to be involved in origin unwinding (17, 21) . Furthermore, Rep binds to and unwinds Ori as a monomer (24) . All of these data suggest a novel mechanism of origin unwinding by the E2Rep-DBD. For the past 20 years, however, a growing number of plasmids containing putative Rep proteins and origins closely related to those of plasmid ColE2-P9 have been described (15) . These ColE2-related plasmids were found in both Gram-negative and Gram-positive host bacteria and now form a large plasmid family (NCBI nucleotide database). They probably share a common mechanism of plasmid DNA replication initiation that is mediated by initiator proteins closely related to ColE2 Rep (ColE2 Rep-related proteins). The unique initiation mechanism of the plasmid ColE2-P9 DNA replication has thus far been studied using biochemical and genetic approaches. The molecular mechanisms of the specific binding to and unwinding of Ori by Rep, however, have remained unknown due to the lack of structural information. In this paper, we present the crystal structure of the ColE2 Rep protein in complex with Ori DNA. This structure indicates that the conserved yet functionally unknown PriCT domain plays important roles in Ori unwinding. The results therefore provide the first structural evidence demonstrating the functional importance of the conserved PriCT domain and reveal how a single protein can mediate DNA unwinding.
EXPERIMENTAL PROCEDURES
Sample Preparation-The E2Rep-DBD protein (Arg 175 -Lys 297 ) was overexpressed in E. coli BL21 star (DE3) cells (Invitrogen) using the pET-28M vector, which is the modified version of the pET-28b(ϩ) vector (Merck Millipore) to attach an octapeptide (MGHHHHHH) at the N terminus of the target protein. The cells were grown at 37°C until reaching an A 600 of 0.5, and overexpression of E2Rep-DBD was induced by adding isopropyl ␤-D-1-thiogalactopyranoside to a final concentration of 0.5 mM for 10 h at 16°C before harvesting. The cells were suspended in a buffer containing 20 mM Tris-HCl, pH 7.5, 1.0 M NaCl, 20 mM imidazole, 10% glycerol, 5 mM MgSO 4 , 1 mM phenylmethylsulfonyl fluoride, and DNase I and disrupted by sonication. The cell lysate was centrifuged to clarify, and the supernatant was applied onto a His-trap crude FF column (GE Healthcare) equilibrated with a wash buffer containing 20 mM Tris-HCl, pH 7.5, 1.0 M NaCl, 20 mM imidazole, and 10% glycerol. The column was washed with 6 column volumes of the wash buffer, and the bound proteins were eluted with 2 column volumes of the elution buffer containing 20 mM Tris-HCl, pH 7.5, 1.0 M NaCl, 0.5 M imidazole, and 10% glycerol. The eluted protein was purified using a Superdex75pg 16/60 size exclusion chromatography column (GE Healthcare) equilibrated with the buffer containing 20 mM Tris-HCl, pH 7.5, 1.0 M NaCl, and 10% glycerol. The purified protein was mixed with 23-bp Ori DNA at a molar ratio of protein/DNA ϭ 1:1.1 for crystallization. The oligonucleotide DNA fragments were purchased from the manufacturer (Hokkaido System Science, Hokkaido, Japan). The protein/DNA mixture was dialyzed against the buffer containing 20 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 10 mM MgCl 2 , and 1 mM dithiothreitol. Complex formation was confirmed by the electrophoretic mobility shift assay, and the complex was concentrated for crystallization using a centrifugal ultrafiltration device (Sartorius Stedim Biotech GmbH, Göttingen, Germany).
Crystallization-Initial crystallization screening of the E2Rep-DBD⅐Ori DNA complex was performed using the sitting drop vapor diffusion method in a 96-well crystallization plate (Greiner Bio-One GmbH, Kremsmünster, Austria) at 20°C with the commercially available screening kits Crystal Screen, Crystal Screen II, and Natrix (Hampton Research, Aliso Viejo, CA) and Wizard I and Wizard II (Emerald BioStructures, Bedford, MA). The crystals used for structure determination were obtained in a solution consisting of 0.1 M sodium citrate, pH 5.4, 0.6 M ammonium sulfate, and 0.5 M LiSO 4 in a 24-well VDX plate (Hampton Research) at 20°C. The crystals took several weeks to grow.
Data Collection and Structure Determination-Native x-ray intensity data were collected from a cryocooled crystal at Beamline BL17A in Photon Factory (KEK, Tsukuba, Japan). The heavy atom derivative was obtained by the soaking method (5 mM K 2 Pt(CN) 4 in the solution). Single wavelength anomalous diffraction data were collected using the platinum-soaked crystal on Beamline AR-NE3A at the Photon Factory. The data were processed using HKL2000 (25) . A substructure analysis was performed by the single wavelength anomalous diffraction method using SOLVE (26) , and the initial phases were calculated using PHASER (27) in the PHENIX suite (28) . The platinum atoms were found in the intermolecular spaces among the protein molecules in the crystal, and the partial atomic model corresponding to the N-terminal domain of the protein was obtained using RESOLVE (29, 30) . The map showed electron density corresponding to the DNA backbone and periodic base pairs; thus, the remaining parts of the model were built manually with COOT (31) through iterative model extension and refinement cycles. The overall model was refined using the native data to 2.7 Å resolution using LAFIRE (32) with REFMAC5 (33) in the CCP4 suite (34) . The summaries of data collection and structure analysis are shown in Table 1 .
RESULTS
Overall Structure of E2Rep-DBD in Complex with Ori-The crystal structure of the complex of E2Rep-DBD (residues 175-294) and 23-bp DNA comprising subregions I and II of Ori ( Fig.  1A ) was determined to 2.7 Å resolution. The final atomic model includes E2Rep-DBD residues Arg 175 -Lys 291 , the non-template strand (5Thy-22Thy), and the template strand (13ЈGua-32ЈCyt) ( Fig. 2) . Helices H1-H3 form a helix bundle, which corresponds to the conserved PriCT domain (the PriCT module). Helix H4 (the H4 module) connects the PriCT module and the C-terminal module consisting of helices H5-H7 (the HTH module). Helices H6-H7 in this module form an HTH motif with H7 corresponding to the recognition helix ( Fig. 2A) . The three E2Rep-DBD modules are connected with loops and form an elongated fold, indicating that the protein conformation is likely to be flexible, or at least not fixed, without its binding partner, duplex Ori DNA. The surface of E2Rep-DBD is significantly positively charged (Fig. 2B ), and nearly one-third of the surface area of the protein (2,606 Å 2 of 9,583 Å 2 calculated by using PISA (35)) contributes to its interaction with DNA. Although E2Rep-DBD is small (15 kDa), this interaction surface area is comparable with that observed in larger protein⅐DNA complexes, such as the archaeal DNA replication initiator Cdc6⅐Orc1 complex (Protein Data Bank entry 2QBY) (36) , which has a molecular mass of 85 kDa and a protein-DNA interaction surface area with its 33-bp duplex DNA of 2,699 Å 2 .
The HTH module binds to the major groove near the upstream end of Ori DNA ( Figs. 2A and 3 ). The H4 module binds to the minor groove of the duplex DNA, and the doublehelical structure of the DNA is broken near the N terminus of this module. The PriCT module binds to the single-stranded template strand of Ori DNA, just upstream of the template sequence for the primer RNA, whereas the non-template strand extends toward the solvent without any interaction with the protein. The unwinding of a limited region of Ori DNA in the crystal is consistent with previous biochemical data (17) .
The crystallographic asymmetric unit contains two complex molecules (complex I: Protein Data Bank chains A, C, and D; complex II: Protein Data Bank chains B, E, and F). Comparison of their tertiary structures showed that they are in slightly different conformations. The structures of the N-terminal segments (amino acid residues 175-239, which correspond to the PriCT module) of the two complex molecules were identical, and so were those of the C-terminal segments (amino acid residues 249 -291, which correspond to the H4 and HTH modules). The root mean square deviations for comparisons are 0.27 and 0.54 Å for the main chain atoms of the N-and C-terminal segments of the protein, respectively (the values were calculated using PROLSQ in the CCP4 suite (34)). Obvious differences, however, existed in the relative positions of the two segments in the complexes (Fig. 2C ). The overall structure and the protein-DNA interactions, especially in the C-terminal segment, were very similar between these complexes (see below for further discussion). Thus, in this paper, only the structure of complex I has been shown in the figures, except for Figs. 2 (C and D) and 4C.
Flexible yet Locally Stable Structure of E2Rep-DBD Is Capable of Specific Interaction with a Long Region of Double-
stranded Ori-E2Rep-DBD has an elongated fold, and thus the HTH and H4 modules can interact with sites of duplex Ori DNA that are considerably distant from each other. The HTH module of E2Rep-DBD exclusively binds to subregion I of Ori, which is important for stably anchoring Rep onto the DNA (15) . Five interactions with the bases (Arg 282 -28ЈGua, Tyr 286 -28ЈGua and 29ЈThy, Ala 283 -7Ade, and Arg 287 -6Gua) and three interactions with the phosphate backbone (Ser 281 , Thr 284 , and Lys 290 ) from helix H7, the DNA-binding helix, were observed (Figs. 3 and 4A). Helix H6, the first helix of the HTH motif, is shorter than those found in canonical HTHs, probably due to 
where F o and F c are observed and calculated structure factor amplitudes, respectively. e The R-free-factor value was calculated for the R-factor, using only an unrefined subset of reflection data (5%). f Ramachandran plot was calculated by PROCHECK (46) . (16, 18) . The sequence is numbered as in the previous study (15) . The bases in capital letters indicate the minimal region that can act as the replication origin, and three functional subregions (I-III) suggested in the same study are indicated below the sequence. The sequence of the duplex DNA strands used for crystallization is hatched. Disordered bases in the crystal structure are shown in light gray. B, the domain structure of ColE2 Rep predicted by its amino acid sequence.
the presence of Pro 274 , which is located immediately N-terminal to the helix. As a result, the E2Rep-DBD HTH is more compact than the typical HTH motif. Arg 270 and Ser 271 in helix H5, adjacent to the HTH motif, also contribute to base recognition and DNA binding stabilization, respectively ( Figs. 3 and 4A ). The C-terminal region of Rep containing this HTH module is necessary and sufficient for specific binding to Ori (17) . Consistent with these data, the crystal structure clearly shows that the Rep HTH module is the primary region that mediates binding specificity and affinity with its Ori site. It is noted that the tight binding of the HTH module to Ori DNA through these extensive contacts using the amino acids from helices H7 and H5 results in widening of the DNA major groove (17 Å compared with 11 Å in B-DNA).
The H4 module and the loop connecting this module to the C-terminal HTH module (H4-H5 loop) bind along the minor groove of duplex DNA to the upstream and central parts of subregion II (Fig. 3) , which is important for binding with Rep and replication (15, 17) . Seven interactions with the phosphate backbone (Ser 246 , Arg 252 , Arg 254 , Arg 255 , Lys 259 , Lys 261 , and Arg 262 ) and one with the base (Gln 249 -18ЈGua) were observed. The H4-H5 loop and the C-terminal half of helix H4 have no base-specific interactions with the upstream half of subregion II ( Figs. 3 and 4B ). This part of Ori contains AT-rich sequences, which are known to be intrinsically bent (37) . In fact, the duplex DNA bends around the upstream end of the AT tract (14Ade-17Ade) by 31°. There is also a slight twist along its helical axis by 6°toward duplex unwinding with no obvious widening of the minor groove (analyzed by using CURVESϩ (38)) ( Fig. 2D) . SELEX experiments using Rep gave rise to a consensus sequence corresponding to subregions I and II up to the 20Cyt/ 18ЈGua pair of Ori (39) , and the substitution of each base pair in The viewpoints are the same as those described in A. The surface electric potential representation was calculated using APBS (44) . Blue and red colors on the molecular surface show the positively and negatively charged regions, respectively. An arrow indicates the presumed binding channel for the non-template strand on the PriCT module. C, comparison of the overall structures of the two complex molecules in the crystallographic asymmetric unit. Complex I (Protein Data Bank chains A, C, and D) is drawn using the same color keys used in A, and complex II (Protein Data Bank chains B, E, and F) is drawn in yellow (protein), orange (template strand), and blue (non-template strand) in the ribbon models. The superimposition was carried out using PROLSQ in the CCP4 suite (34) (the target of the superimposition was the main chain atoms from position 249 to 291 of the protein). D, conformational change of the double-stranded region of Ori DNA bound by the HTH and the H4 modules of E2Rep-DBD. The protein and DNA chains are shown as in C. The black and light gray lines show the helical axes of the duplex DNA in the complex I and II, respectively. The helical axis was calculated using CURVESϩ (38) .
the AT tract to a GC pair decreased the binding affinity by Rep (15) . These results showed that Rep prefers DNA fragments containing the specific AT-rich sequence located in the upstream region of subregion II. Therefore, the local conformation of duplex DNA, which depends on the nucleotide sequence, contributes to the binding specificity and affinity of the H4 module to Ori, although no base-specific interactions are observed in this region in the crystal structure. An amino acid substitution at the glutamine involved in the sole basespecific interaction observed in the H4 module (Q249R) abolished the Rep DNA replication activity (40) , and all nucleotide substitutions at the 20Cyt/18ЈGua pair of Ori recognized by Gln 249 severely decreased its DNA binding affinity (15) . All of these results indicated the involvement of the H4 module in specific binding with Ori.
The H4 module Has a Critical Role in Site-specific Duplex DNA Unwinding-The duplex structure of DNA bound by Rep is highly distorted near the N-terminal part of the Rep H4 module. DNA strands are twisted by 20°(complex II) or 25°(complex I) along its helical axis at the 20Cyt/18ЈGua pair, and the downstream strands are separated ( Figs. 2A and 3) . Phe 245 and Val 248 in the H4 module, along with Phe 240 in the PriCT module, stack with base 16ЈAde in the single-stranded template strand. The side chain of Gln 249 in the helix H4 interacts with the 18ЈGua base in the template strand (Fig. 4B ), as mentioned above, and the 20Cyt/18ЈGua pair is a pivotal point of the conformational change that occurs in the duplex DNA (Fig. 2C) .
A deletion derivative of Rep containing only the H4 and HTH modules induced weak but significant distortion of duplex DNA at the 24Thy/14ЈAde and 25Cyt/13ЈGua pairs in subregion II (17, 40) , indicating the importance of the specific binding of the H4 module to Ori, including the specific interaction of Gln 249 with 18ЈGua to trigger unwinding. The H4 module plays an important role in site-specific unwinding of Ori, in cooperation with the PriCT module (see below).
The PriCT Module Specifically Binds to the Single-stranded Template DNA for Primer RNA Synthesis-The Rep-bound duplex DNA is unwound in the AT-rich region (21Thy/17ЈAde to 24Thy/14ЈAde) around the downstream end of subregion II of Ori ( Figs. 2A and 3 ). The aromatic side chains of Rep residues Phe 180 and Tyr 235 stack with the 13ЈGua and 14ЈAde bases in the single-stranded template strand, respectively, and additionally, Asn 176 , Ser 231 , and the hydroxyl group of Tyr 188 form hydrogen bonds with the 13ЈGua and 14ЈAde bases, respectively ( Figs. 3 and 4C ). Phe 240 stacks with the 16ЈAde base along with Phe 245 and Val 248 in the H4 module, as mentioned above. Arg 184 , Arg 189 , and Arg 192 in the PriCT module contact the phosphate backbone of the single-stranded template strand on the surface of the module, and Lys 239 interacts with the 15ЈThy base in complex I (Fig. 4C) .
Mutational analyses showed that single substitutions of the amino acids interacting specifically with the bases (N176S, N176D, F180S, F180L, Y188N, Y188H, S231N, and F240S) resulted in loss of DNA replication activity (40) . Among the ColE2-related Rep proteins (Fig. 5A ), Asn 176 , Phe 180 , Tyr 188 , Ser 231 , and Phe 245 are perfectly conserved, Tyr 235 and Val 248 are conserved or changed conservatively, and Phe 240 is conserved in many of the ColE2-related Rep proteins. All of these facts support the importance of the tight binding between the PriCT module and Ori DNA in the initiation of plasmid DNA replication.
The PriCT Module Shifts Its Position at the Loop Connecting This Module to the Contiguous Modules-Comparison of the two complexes in the crystallographic asymmetric unit showed that E2Rep-DBD in complex with Ori DNA exhibits structural flexibility around the loop connecting the PriCT and H4 modules (H3-H4 loop). In complex I, the PriCT module shifts its position (Fig. 2C) , and the single-stranded template strand bound by the PriCT module is more distorted from the duplex form than in complex II. An amino acid substitution of Ser 241 in the H3-H4 loop to proline resulted in a loss of DNA replication activity (40) . Such a substitution causes a structural constraint in the loop connecting the PriCT and H4 modules, supporting the importance of structural flexibility between the modules. The conformational change causes a slight difference in the protein-DNA interactions. The most prominent difference was FIGURE 3 . Schematic diagram of the protein-DNA interactions observed in the crystal structure. The template and non-template strands are shown in magenta and sky blue, respectively, as in Fig. 2A . Disordered bases in the crystal are shown in black. The bases in the template sequence for primer RNA synthesis (16, 18) are shown in light gray (not included in the oligonucleotide DNA used in this structure analysis). Bases are numbered as in the previous genetic study (15) , and the functional regions in Ori (subregions I and II) identified by the same study are indicated above the non-template strand. The structural modules of E2Rep-DBD are indicated below the sites in the strands to which they bind.
observed in the interaction between Lys 239 and 15ЈThy (Fig.  4C) . The torsion angle of the single-stranded template strand in complex I is different from that in complex II due to the conformational change, and as a consequence, the orientation of the 15ЈThy base differs between the complexes. The distance between the N⑀ atom of Lys 239 and the O4 atom of 15ЈThy is 2.7 Å in complex I, whereas that in complex II is 5 Å. Thus, the side chain of Lys 239 forms a hydrogen bond with 15ЈThy in complex The space-filling model shows the residues involved in hydrophobic interactions with bases. The bases of the nucleotides in the non-template and the template strands are colored sky blue and magenta, respectively, as in Fig. 1A . Broken lines indicate important hydrogen bonds. The schematic representation of the three modules interacting with Ori DNA is shown on the left. In C, the model of complex II is also shown. Complex II is drawn using the same color keys as in Fig. 2C (yellow, protein; orange, template strand; blue, non-template strand). The superimposition of the main chain atoms of residues 175-239 of complexes I and II, shown in the figure, was carried out using PROLSQ in the CCP4 suite (34) . I to stabilize the conformation, whereas it cannot do so in complex II (Fig. 4C) . The side chain of Tyr 235 , which stacks with 14ЈAde, shifts slightly, and Val 248 stacking with 16ЈAde alters its position due to the conformational change between the modules. These changes lead to increased contact area with the bases in complex I, suggesting that this complex is more stable than complex II. The combined results suggest that unwinding of the Ori may occur in association with the shift in the position of the PriCT module relative to the other modules, and the two conformations in the crystal structure possibly reflect the structural changes that occur during duplex DNA unwinding.
DISCUSSION
Our structure of the E2Rep-DBD bound to Ori DNA showed that the Rep protein unwinds duplex DNA by the concerted actions of three contiguous domains, the HTH-, H4-, and PriCT modules. The locally folded structure of each module and flexibility of the regions connecting them seem to be important for main-taining stable and specific binding to Ori and unwinding of its duplex conformation. Although the tertiary structure of E2Rep-DBD is rather unusual as an initiator, its conformation is quite suitable for its functions of specific binding to Ori and maintaining strong affinity to distort its duplex conformation.
Importance of the Local Distortion, Shift in Position of the PriCT module, and Supercoiling for Unwinding Duplex Ori DNA-Unwinding of duplex DNA at replication origins by initiator proteins generally depends on DNA supercoiling (41, 42) . Rep unwinds the AT-rich region (21Thy/17ЈAde to 30Thy/ 8ЈAde) of Ori in a negative supercoiling-dependent manner (40) . In addition, Rep induces distortion of duplex DNA at the 24Thy/14ЈAde and 25Cyt/13ЈGua base pairs, albeit very weakly, even when the DNA used is linear. A deletion derivative of Rep containing only the H4 and HTH modules also induces weak distortion of duplex DNA at these pairs (17), as mentioned above. These results indicated that the 24Thy/14ЈAde and 25Cyt/13ЈGua pairs are more or less distorted by the interaction with the H4 module, independently of the DNA conformation. Such a local distortion of duplex DNA may trigger unwinding of Ori in the adjacent AT-rich region, driven by the intrinsic torsional strain of DNA negative supercoiling. Then interaction of the PriCT module with bases 13ЈGua and 14ЈAde promotes unwinding. Structural flexibility between the H4 and PriCT modules and the shift in position of the PriCT module relative to the other modules (the conformational change from complex II to complex I) might be important for unwinding, as mentioned above. In the crystal structure, the 24Thy/14ЈAde and 25Cyt/13ЈGua pairs are located at the ends of the oligonucleotide DNA used, so unwinding is possible only by binding of the PriCT module to these pairs and by free rotation of the duplex DNA without any contribution from DNA negative supercoiling.
Possible Interaction of the PriCT module with the Non-template Strand to Stabilize the Unwound Conformation-In the crystal structure, the single-stranded non-template strand does not interact with the protein. The surface of the PriCT module near the 3Ј-end of the unwound non-template strand is highly basic, and a closer look at the crystal structure revealed that there is also a basic channel on its surface, which is likely to bind to the non-template DNA strand (Fig. 2B) . The basic amino acids Arg 175 , Lys 182 , Arg 185 , Arg 189 , and Arg 208 and the aromatic amino acids Trp 186 and Tyr 212 are located along the channel. These amino acids are conserved among most of the ColE2 Rep-related proteins (Fig. 5A) , and substitutions of the completely conserved Arg 175 and Trp 186 residues of Rep (R175Q and W186R, respectively) resulted in loss of DNA replication activity (40) , indicating the importance of these amino acids. It has also been shown that the intact Rep protein has stronger affinity for the single-stranded non-template strand than for the single-stranded template strand. The region from Arg 165 to Leu 179 of Rep, the N-terminal part of the PriCT module and the C-terminal half of the presumed linker region connecting the PriCT module to the N-terminal primase domain ( Figs. 1B and 5A) , is important for the interaction (40) . The region is also important for unwinding of Ori around the template sequence for primer RNA synthesis and the adjacent downstream AT-rich region (26Ade/12ЈThy to 31Ade/7ЈThy). These combined data suggest that the interaction of the nontemplate strand with the N terminus of the PriCT module and the linker connecting this module to the N-terminal primase domain promotes and stabilizes further unwinding of the Ori around the template sequence for primer RNA synthesis (Fig.  6) . The structural disorder of the non-template strand in the crystal may be explained if the downstream region of Ori, which Fig. 1A . The surface charge representation is as shown in Fig. 2B . The green ribbon shows the protein main chain, and sky blue and yellow space-filling models show the basic and aromatic residues conserved around the basic channel, respectively. Yellow and magenta, bases of the nucleotides in the non-template and the template strands, respectively. Black and gray dotted lines, predicted trajectories of DNA strands and the linker connecting helix H1 and the N-terminal primase domain, respectively. Red dotted oval, region of Rep important for the interaction with the single-stranded non-template strand (40) .
is absent from the oligonucleotide DNA used in this study, is required to maintain a stable interaction with the PriCT module. Because the 13ЈGua and 14ЈAde bases are specifically and tightly bound by the PriCT module and the template region for primer RNA synthesis (10ЈThy-12ЈThy) are located immediately downstream of these bases (Fig. 6) , the PriCT module is likely to function as the platform stabilizing the template strand during subsequent sequence specific primer synthesis by the N-terminal primase domain.
Functional Implication for the Other ColE2 Rep-related Proteins-The crystal structure of E2Rep-DBD in complex with Ori provides insights into the specificity determination mechanism between Rep and Ori in ColE2-related plasmids. Previous studies showed that a critical specificity determinant for stable binding of Rep to Ori between the ColE2-P9 and ColE3-CA38 plasmids is located in the region B and site ␤ (Fig. 5, A and  B) , and Thr 284 in helix H7 of ColE2 Rep and its corresponding residue Trp 293 of ColE3 Rep are the key residues in binding (21, 22) . The crystal structure showed that ColE2 Rep Thr 284 contacts the phosphate backbone of 6Gua in the non-template strand, whereas Arg 287 in the same helix makes specific contacts with the 6Gua base ( Figs. 3 and 4A ). The crystal structure suggests that the substitution of the amino acid in position 284 from threonine to tryptophan would hamper the interaction between Arg 287 and 6Gua through steric hindrance by the bulky tryptophan side chain. Nucleotide substitutions at 6Gua significantly decreased the binding affinity to Rep (15) , and the R287Q mutation abolishes the DNA replication ability of Rep (40) , indicating the importance of the Arg 287 -6Gua interaction for stable binding of Rep and Ori in plasmid ColE2-P9. In the case of plasmid ColE3-CA38, the Arg 287 is replaced with glutamine; thus, its base recognition differs from that of plasmid ColE2-P9. ColE3 Rep has lysine and arginine at positions 289 and 291 of ColE2 Rep (Fig. 5A ), and these basic residues are conserved among the Rep proteins that contain tryptophan at position 284 of ColE2 Rep (ColE3-CA38, ColE5-099, and pEI2 Rep proteins in Fig. 5A ). These observations implied the involvement of these basic residues in specificity determination, and in fact, studies using the mutated Rep proteins showed some contribution of the conserved basic residues for the specificity determination between ColE2-P9 and ColE3-CA38 plasmids (21) . The present crystal structure showed that the side chain of the lysine is likely to contact only the DNA phosphate backbone, and the arginine side chain is too distant to interact with the paired bases. Because several important amino acids of ColE2-P9 Rep that are involved in its interaction with Ori are changed in these Rep proteins, the relative position of helix H7, the DNA-binding helix, to the DNA major groove might be slightly shifted for specific binding.
The Rep proteins of some of the ColE2-related plasmids have insertions or deletions of amino acids on either or both sides of the conserved Gln 249 in the H4 module (regions A and C in Fig.  5A ), and their Ori regions correspondingly have insertions or deletions of nucleotides at either or both sides of the conserved Cyt/Gua pair (sites ␣ and ␥ in Fig. 5B ). Regions A of Rep and the sites ␣ of Ori are also the determinants of plasmid specificity between ColE2-P9 and ColE3-CA38 plasmids and involved in site-specific unwinding of the origin regions (21, 22) . By mod-ulating the structures of the H4 modules of the Rep proteins, the spacings between the H4 modules (especially the conserved glutamines) and the HTH module (region A and site ␣) and PriCT modules (region C and site ␥) could be adjusted to place the three modules at their proper positions on the cognate Ori regions, which is important for specific binding, duplex DNA unwinding, and subsequent primer RNA synthesis. This may well be the case for the other ColE2-related plasmids.
Many of the amino acids in the H4 and PriCT modules of Rep involved in base-specific interactions and stabilization of the complex are highly conserved in many of the ColE2 Rep-related proteins (Fig. 5A) . The sequences of subregions II and III of the origins of the ColE2-related plasmids are nearly identical; the regions bound by the PriCT module are particularly conserved (22Thy-25Cyt) (Fig. 5B) . These findings strongly suggest that the mechanism of Ori unwinding around the primer template sequence by the Rep proteins is shared by the CoE2-related plasmids.
PriCT Domain, a Novel Protein Module for Duplex DNA Unwinding-The primases belonging to some clades of archaeo-eukaryotic primases commonly contain either one of the two conserved, distantly related ␣-helical modules called PriCT-1 and PriCT-2 domains (23). The PriCT module of ColE2 Rep belongs to the PriCT-1 domain, and bioinformatic studies showed that PriCT-1 domains are located C-terminal to the primase domains in all of the archaeo-eukaryotic primases (23) , just as in ColE2 Rep. This suggests that the PriCT-1 domains of the archaeo-eukaryotic primases also form compact modules and serve as platforms for primer RNA synthesis. The PriCT-2 domains could have a similar structure and function. This is the first report providing a structural basis to demonstrate the importance of the conserved but, until now, functionally uncharacterized PriCT domain (23) .
The RepE of plasmid pAM␤1 binds to the cognate origin and melts DNA duplex as a monomer (11); thus, it would be reasonable to assume that ColE2 Rep and pAM␤1 RepE share a certain common functional property. A closer look at the amino acid sequence revealed that the pAM␤1 RepE also contains a region showing some homology with the PriCT domain in ColE2 Rep (Fig. 5A ). Asn 176 , Phe 180 , Phe 245 , and Gln 249 in ColE2 Rep, which directly interact with the bases, are perfectly conserved, whereas the other important residues Tyr 235 and Phe 240 are conservatively changed and Tyr 188 and Ser 231 are varied (Fig.  5A ). This possibly reflects the difference in the binding sequences of DNA between pAM␤1 RepE and ColE2 Rep. The involvement of the PriCT homology region of pAM␤1 RepE in origin melting is strongly suggested, although its molecular mechanism remains unclear.
Comparison with Other Rep Proteins-The crystal structures of Rep proteins belonging to the other Rep family, RepA of the plasmids pPS10 and pR6K, and RepE of F from Gram-negative bacteria have already been solved (6 -9) . These Rep proteins commonly use a winged HTH motif for their binding with DNA. Although the detailed mechanism is still unclear, it has been proposed that the conformational change of DNA duplex induced by binding of multiple Rep molecules onto the repeated iterons, their binding sites in Ori, promotes recruitment of host replication proteins (6, 8, 43) . Recently, the struc- FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3609 tural study of RepA of pSK41 and pZ2162 from Gram-positive bacteria has been reported (10) . Although the amino acid sequences of Gram-positive RepA are dissimilar from those of Gram-negative ones, their DNA-binding domains contain winged HTH as a DNA-binding motif. The crystal structure showed that the DNA-binding domain of RepA binds to DNA as a dimer, and the wing region distorts DNA duplex at the minor groove. Because multiple RepA dimers were predicted to bind to Ori from the same side of the duplex DNA molecule, a model in which the local distortion of the DNA duplex is amplified by the cooperative interaction of the multiple RepA dimers was suggested. Structural similarity between RepA and a host replication protein was observed; thus, the involvement of RepA in subsequent primosome assembly is also suggested (10).
Structural Basis for Origin Unwinding by ColE2 Rep
As described above, ColE2 Rep is unique because it binds to Ori and unwinds its duplex structure as a monomer without the aid of any host replication protein. The tertiary structure of Rep is also rather unusual as an initiator protein but is suitable for exhibiting its functions. The PriCT module, the conserved compact helical module, plays a central role for DNA duplex unwinding. Because the ColE2 Rep-related proteins form a large protein family, the results and discussion described here will accelerate our understanding of the initiation mechanism of DNA replication, a common fundamental biological process of every organism in the transmission of genetic information, through providing mechanistic insight into origin DNA unwinding for one of the diversified groups of plasmid initiator proteins.
